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Topics
• Neutrino mass	



! KATRIN(+upgrades), Project 8, 𝜇-calorimeter 
experiments (HOLMES, ECHO, NuMECS)	



• CE𝜈NS, neutrino magnetic moment 	


! With reactor (RICOCHET), DAR (COHERENT), 

source (e.g. 51Cr) experiments 	


• Majorana/Dirac nature of neutrinos (0𝜈𝛽𝛽)	



! CUORE, Majorana/GERDA, EXO-200/nEXO, 
NEXT, KamLAND-Zen/NuDot, SNO+/Theia, 
SuperNEMO
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Neutrino Mass
• Absolute values of the neutrino masses are 

among the last unknown parameters of the 
𝜈SM    
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KATRIN: 
2015—2020 outlook

Ben Monreal, UC Santa Barbara

1) Recent spectrometer news: (a) radon, (b) wire repair 
2) Source construction news & schedule 
3) Stat & systematic error outlook 
4) Upgrade ideas and needs

P8 in large volumes

de Viveiros - UCSB December 2014 v1 #UCLA HEAP Seminar

DESIGN OF POSSIBLE NEUTRINO MASS EXPERIMENT

•Larger volume ⇒ Large bore, ~ 1 T uniform magnet 

•RF picked up by phased array of patch antennas
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)LJXUH �� 3LORW H[SHULPHQW VHQVLWLYLW\�

ZLWK DQ ���+R DFWLYLW\ RI DERXW ��� GHFD\ SHU VHFRQG�
7KLV H[SRVXUH FRXOG EH REWDLQHG IRU H[DPSOH E\ UXQ�
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7KH DEVROXWH YDOXH RI WKH QHXWULQR PDVVHV LV QRW
\HW NQRZQ� 7KH PRVW VWULQJHQW XSSHU OLPLWV RQ WKHP
FRPH IURP H[SHULPHQWV RQ WULWLXP EHWD GHFD\ ZLWK
HOHFWURVWDWLF VSHFWURPHWHUV� WKH EHVW OLPLW RI VHQVLWLY�
LW\ WR ZKLFK WKLV WHFKQLTXH FDQ EH SXVKHG LQ WKH IX�
WXUH VHHPV WR EH ∼��� H9� DV LQ WKH .$75,1 H[SHUL�
PHQW >�@� $ FRPSOHWHO\ GLffHUHQW WHFKQLTXH XVLQJ FU\R�
JHQLF PLFURFDORULPHWHUV WR SHUIRUP D FDORULPHWULF H[�
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ORZV WR HQYLVDJH D IXOO VFDOH H[SHULPHQW LQ RUGHU WR UHDFK
DQ HYHQ EHWWHU VHQVLWLYLW\� ,Q WKLV SDSHU� ZH KDYH SUH�
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EXW GRDEOH� DQG ZH LGHQWL¿HG D FOHDU SDWK DQG WHFKQLFDO
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Project 8

Holmium EC spectrum
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KATRIN Sensitivity
4

Activity Neutrino mass 
sensitivity

2015 Commissioning

2016 Transition to tritium ~1 eV

2017 Running 0.4 eV

2018 Running 0.3 eV

2019 End of run, upgrades? 0.2 eV

2020 Upgrade runs?

Supported in the US by DOE-NP

Complementary to	


cosmology, 0𝜈𝛽𝛽
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Project 8
• Proof of concept available (first tracks)	



! R&D required for to demonstrate ultimate 
sensitivity 

5

de Viveiros - UCSB December 2014 v1 #UCLA HEAP Seminar

FIRST DATA

•First detection of single-electron cyclotron radiation 
•Data taking started on 6/6/2014 - immediately showed trapped electrons 
•Arxiv: 1408.5362
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       B. Monreal Madison 01/15 de Viveiros - UCSB December 2014 v1 #UCLA HEAP Seminar

PROJECT 8 PROTOTYPE

•Goal: demonstrate feasibility 
of detection of single 
electrons through the 
measurement of cyclotron 
radiation 
•Cyclotron Radiation Emission 
Spectroscopy (CRES) 

• 83mKr gas source 
•Currently assembled at the 
University of Washington 

•Data Taking Campaign started 
on June 2014, ongoing 

•First Results: Arxiv 1408.5362

15

RF chain and reciever

       B. Monreal Madison 01/15
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Project 8
6
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Asner et. al.,
arXiv:1408.5362
PRL in review
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Project 8 - Trap Scan of the 17.8 keV peak

v2 - 2014/09/02

Luiz de Viveiros

We characterize the shape of the 17.8 keV peak versus trap current for the data acquired on
20140829, using the tracks identified by the DBSCAN algorithm in Katydid.

Contents

I. Data Acquisition and Analysis 1

II. Peak shape vs Trap Current 2
A. Magnetic Field Calibration 2
B. Event Rate 2
C. Peak Width 3

III. Energy Calibration and Resolution 4

References 6

I. DATA ACQUISITION AND ANALYSIS

We performed a sweep of trap currents from 0 A to 1 A in steps of 0.2 A, and another dataset at 2 A. We
acquired 200 s of data at a single LO frequency for trap current, selected to place the 17.8 keV peak in the center
of the acquisition+analysis bandwidth. The objective of this data is to determine the ideal trap setting for a long
acquisition run.

We use the DBSCAN algorithm in Katydid to identify tracks and events in the data. Figure 1 shows the number of
events vs initial frequency (after mixer 1) for each trap current. No events were observed for the dataset taken with
200 mA and 0 mA. We select the peaks in the range of 1460-1560 MHz, corresponding to the Kr peaks at 17.8 keV,
and fit them with Skewed Gaussian curves to obtain the peak shape.
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Figure 1: Histogram the initial frequency of the first track in each event, for each trap current, for the 20140829 dataset.
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III. ENERGY CALIBRATION AND RESOLUTION

We use the magnetic fields calculated for this dataset in Section IIA to calibrate the conversion from initial track
frequency to energy, and plot a histogram of event energies for each trap current (see Figure 5). We illustrate the
change in peak shape by plotting all fits together, aligning them at 17.8 keV and normalizing their height to 1 (see
Figure ). A plot of the peak width � in keV vs trap current shows the change in energy resolution with trap depth
(see Figure 7).
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Figure 5: Energy histogram for di↵erent trap currents for the 20140829 dataset.
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Figure 6: Fits to the energy distribution for each trap current, normalized to 1 and aligned to 17.8 kV (20140829 dataset).

de Viveiros - UCSB December 2014 v1 #UCLA HEAP Seminar

MAGNETIC TRAP

•Single coil at center of gas cell - harmonic magnetic trap 
•Trap electrons until they collide with gas atoms 
•Trap depth ≤ −8.5 mT 
•Deeper traps have larger pitch angle acceptance 
⇒ can trap e- with smaller pitch angles:
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First run: 
σE = 100 eV

Best obtained so
far: σE = 10 eV

Not a 
fundamental 
limit!   New runs 
will have more-
uniform B field in 
trap.
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Project 8
7

4

it is not an applicable strategy because a collision-dominated resolution function cannot be much

broader than the neutrino mass e↵ect sought. Systematic uncertainty in the resolution will limit

the density.

There is a simple relationship between the uncertainty in the variance of an instrumental reso-

lution contribution and the corresponding uncertainty introduced in the neutrino mass:

�m2
⌫
⇡ 2�2

res

. (13)

Each of the resolution components in Eq. 10 has an associated uncertainty that propagates into

the neutrino mass. For concreteness, we assume that the distributions are each known to 1%.

ν2 , e
V2

FIG. 1. Uncertainty obtainable as a function of volume under observation for various choices of number

density per cm3. Systematic uncertainties due to imperfect knowledge of contributions to the resolution are

included. The frequency chosen is 26.5 GHz, the field is uniform to 0.1 ppm rms, the source temperature

for molecular T2 is 30K and for atomic T it is 1K, and the background is 10�6 per second per eV. The

e�ciency factor �⌦ is taken as unity for the e↵ective volume, and the live time is 3⇥ 107 seconds.

Figure I shows calculated neutrino mass statistical and systematic sensitivities for various

choices of number density, as a function of volume. Absent knowledge of the scattering cross sec-

tion for 18-keV electrons on atomic tritium, the cross-section cited by Aseev et al. [15], 3.4⇥ 10�18

Project 8 sensitivity estimates:
Small and high-density or large and low-density?

Neutrino mass limit, eV (90% CL)

Details:  B=1 Tesla, background = 1 µHz/eV,  livetime 1y, angular acceptance 1 ster, 
pressure broadening known to 1%, field broadening < 10-7 

10-9 m3

If source is too dense, limit is 
systematic error on linewidth

(approx. 0.25 eV)
accessible with 2 mCi, 1 liter

Molecular tritium final-state 
uncertainty (0.1 eV)
~20 mCi, 100 liter

Atomic T experiment  
200 mCi, 5 m3

normal hierarchy

inverted hierarchy

More statistical sensitivity by
packing more T into your 

source

       B. Monreal Madison 01/15

now

~2017

~2020

~2025
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Neutrino Mass: Microcalorimeters
8

How to design a Ho Experiment 
" Understanding the decay 

" Reaction Q-value 

" Tasks to address 
" Ho-163 Production 
" Source Deposition 
" Detector Performance 

 
" Current efforts 

" HOLMES 
" ECHO 
" NuMECS 

First Step ~1,000 detectors 
   < 1 eV/c2 sensitivity 

Scalable to 10,000-100,000 detectors 
<0.1 eV/c2 sensitivity  

~5 years 

~10 years 

Significant R&D required: but complementarity to other DOE-HEP programs (CMB-S4) 
163Ho can benefit from the US isotope program, common issues with other projects, e.g. 51Cr

Ho-163 Electron Capture Decay 
163Ho + e- ! 163Dy* + ν"
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CE𝜈NS and 𝜈 Magnetic Moment
9

Neutrino-Electron Elastic Scattering Cross Section 
Weak Part E&M Part 

The E&M contribution to the 
elastic scattering cross section 
would be a consequence of a 
non-zero neutrino magnetic 
moment. 

Evidence of a non-zero 
neutrino magnetic moment 
would appear as a dramatic 
increase in the scattering 
rate for the lowest energy 
recoil electrons. 

Complementarity to DM searches
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CE𝜈NS
• Coherent elastic Neutrino-Nucleus Scattering is a yet-

unobserved process that is cleanly predicted by the Standard 
Model. US community is leading the effort towards the first 
observation of this process, which may be possible, with 
relatively modest investments, in the next few years. 	



• Once observed, CE𝜈NS could help constrain models with 
non-standard neutrino interactions, have sensitivity to nuclear 
weak charge, and would offer complementary constraints on 
sterile sector  	


! Variety of source/detector configurations possible	


" Reactors (RICOCHET), accelerators (COHERENT, 

CENNS), sources (51Cr+LZ)	


•  Program matches well to FOA parameters 	



! <$10M, results in ~5 years

10
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11

Enectali Figueroa-Feliciano  /  WINP 2015 / BNL

Ricochet Phase 1: SuperCDMS Tower at a Reactor 
• Leverage R&D and Engineering being done by the 

SuperCDMS G2 Experiment. 

• 1 Tower holds 6 detectors, ~100 eVnr Threshold 

• 4 Si Detectors = 2.4kg Si = 11 CEνNS events per day 

• 2 Ge Detectors = 2.8kg Ge = 26 CEνNS events per 
day 

• >7000/1000/400 events per month at the SONGS, 
ATR, and MIT reactors 

• >20 events per month at the SNS (for comparison)
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COHERENT @ SNS
12

 

protons 

Multiple sites are 
available at a 

distance 15-20 m. 
 

“Green field” is 
outside of the target 

building for distances 
more than 30 m 

sites inside target building including basement 

The SNS 
Target hall 

ORNL)is)strongly)supporJng)BG)studies)for)neutrino)experiment)at)the)SNS)

ORNL)support:)3)LDRD’s)(>$300k))+)Wigner)Fellow)
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COHERENT @ SNS
13

"

Target) Max)Recoil)(keV)) Cross)secJon)10/42cm2) Threshold,)keVnr) N)events,)year)

Ge) 27) 5830) 3) 2560)

I) 15) 19400) 10) 732)

Xe) 15) 22300) 1) 5970)

15)m)from)the)target,)100)kg)detector,)prompt)30)MeV)neutrinos)

100)kg,)2)phase)LXe)is)
detector)being)built)at)

MEPhI,)Moscow)

MJD)prototype)cryostat)with)
20)kg)of)HPGe)detectors,)

could)be)available)by)the)end)
of)2015)

14)kg)low)background)CsI)
crystal)is)available)at)the)
University)of)Chicago)
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CE𝜈NS with 51Cr
14

51Cr 

200 cm 

137 cm fiducial 

Coloma, Huber and Link, 1406.4914 [hep-ph]  

Complementarity with the sterile neutrino program (with sources) 
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Neutrinoless Double-Beta Decay

• Searches for NLDBD aim to discover whether 
Lepton Number is a fundamental symmetry of 
nature or is violated, and determine Dirac or 
Majorana nature of neutrinos. The current 
generation of experiments will search for 
NLDBD with a sensitivity to the effective 
Majorana mass of order 100 meV. The next 
generation of experiments will aim for an 
order of magnitude improvement in sensitivity. 

15



Neutrinoless Double Beta Decay

(A,Z) → 	


(A,Z+2) 	


+2e-

S. M. Bilenky & C. Giunti, Mod. Phys. Lett. A27, 1230015 (2012)
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Neutrinoless Double-Beta Decay
• There is a tremendous diversity of available 

techniques and detector technologies. The US 
community is gearing towards selecting the 
leading candidates for one or more next-
generation experiments, shepherded by the 
NSAC-NLDBD committee. A targeted 
program of R&D activities towards mature 
concepts of the next-generation experiment is 
one of the priorities identified by this 
committee. 

17
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0𝜈𝛽𝛽 Experiments
18

Karsten Heeger, Yale University WINP, February 5, 2015 

CUORE

2

Cryogenic Underground Observatory for Rare Events
• 988 TeO2 crystals run as a bolometer array

– 5x5x5 cm3 crystal, 750 g each
– 19 Towers; 13 floors; 4 modules per floor
– 741 kg total; 206 kg 130Te
– 1027 130Te nuclei

• Excellent energy resolution of bolometers
• New pulse tube dilution refrigerator and cryostat 
• Radio-pure material and clean assembly to 

achieve low background at region of interest (ROI) 

2!"" 

0!"" 

February 5, 2015 MJD – Workshop on the Intermediate Neutrino Program 3 

•  Located underground at 4850’ Sanford Underground Research Facility 
•  Background Goal in the 0νββ peak region of interest (4 keV at 2039 keV)  

–  3 counts/ROI/t/y (after analysis cuts)  Assay U.L. currently ≤ 3.1 
–  scales to 1 count/ROI/t/y for a tonne experiment 

•  40-kg of Ge detectors 
– 30 kg of 86% enriched 76Ge crystals 
– 10 kg of natGe 
– Detector Technology: P-type, point-contact. 

•  2 independent cryostats 
– ultra-clean, electroformed Cu 
– 20 kg of detectors per cryostat 
– naturally scalable 

•  Compact Shield 
–  low-background passive Cu and Pb 

shield with active muon veto, poly n shield 

The MAJORANA DEMONSTRATOR 
Funded by DOE Office of Nuclear Physics and NSF Particle Astrophysics,  
with additional contributions from international collaborators. 

Goals:   - Demonstrate backgrounds low enough to justify building a tonne-scale experiment. 
 - Establish feasibility to construct & field modular arrays of Ge detectors. 
 - Searches for additional physics beyond the standard model. 

> 25 cm 

25 mm ea 

High purity  
Heat transfer fluid 
HFE7000  
> 50 cm 

1.37 mm Wall 

VETO PANELS 

The EXO-200 Detector 

3 

Radio Quiet 
Environment  Brian Fujikawa & Lindley Winslow WINP 05-Feb-2015

KamLAND-Zen

4

Inner Balloon
(3.08 m diameter)

Photomultiplier Tube

Outer Balloon
(13 m diameter)

Buffer Oil

Chimney
Corrugated Tube

Suspending Film Strap

Film Pipe

Xe-LS 13 ton
(300 kg    Xe)

Outer LS
1 kton

136

ThO W Calibration Point2

enrichment:
~90%136Xe

9 

Workshop on the Intermediate Neutrino Program
BNL, February 5, 2015

The SuperNEMO experiment

Federico Nova, on behalf of the SuperNEMO Collaboration
The University of Texas at Austin

Federico Nova - UT - WINP 2015 1 / 30
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Some Common R&D Issues
19

Unified R&D wish list
• Liquid noble gases: general need for reliable high-

voltage design principles.  EXO (!) NEXT (?), in 
common with dark matter and long baselines. 
• Experience of "things that work on test stand but 

spark when installed."    
• Low-background everything 

• Copper (Majorana, CUORE), cabling (CUORE) 
• New and complex scintillators (Kamland-Zen, SNO

+, Theia, NuDot) and matched photosensors (fast?  
cheap?  red-sensitive?)

OK, this is not unified

(MJD)


